SUMMARY We evaluated a technique to measure small vessel pressures and diameters in the right ventricle of a beating rabbit heart. The method allowed free motion of the heart while these measurements were performed. This was accomplished with a strobed light source synchronized with the heart. Thus the observer "sees" the vessels only at the same point in the cardiac cycle. By slowly advancing the Btrobe pule«, we were able to visualize an entire cardiac cycle. We performed pressure measurements with an electromechanical micromanipulator that was programmed to synchronize the motion of a micropipette to the motion of a small vessel. For comparison, another technique was also used which fixed a portion of the right ventricle and allowed motion to be centered around this fixed point. Pressures in veins by our use of the free-motion and fixed techniques were compared and found to be statistically different (6.8 ± 0.7 compared to 13.5 ± 4.7 mm Hg, P< 0.01) with the free-motion technique recording the lower values. The phasic relationship between venous diameter variation and left ventricular pressure also was determined. This relationship was variable between venous networks but quite consistent within a network. The relationship between vessel pressure and vessel diameter revealed significant declines in pressure in relatively large vessels (< 140 /un). This free-motion technique can be used to provide information concerning not only the normal physiology of the coronary circulation, in terms of pressure distributions and the effects of extravascular pressure, but also the changes in vascular pressure which occur in ischemic myocardium and other tissues with inherent motion. Ore Res 49: 342-3S3, 1981 THE direct measurements of intraluminal pressures, flow, and diameters of microvessels with intravital microscopic techniques have been successfully employed in studying the functional characteristics of the microcirculation in many organs (Gertz et al., 1966; Shapiro et al., 1971; Zweifach et al., 1975) . Previously, application of these techniques has been confined almost entirely to stationary tissue, thus eliminating the study of the coronary circulation because of inherent problems with myocardial motion. We have attempted to circumvent these restrictions in preliminary work by mechanically fixing a small portion of the beating heart and allowing motion to be centered around this fixed point (Nellis et al., 1978) . We made pressure and diameter measurements by means of this technique but were hampered because of the external forces exerted on the myocardium at the point of measurement.
THE direct measurements of intraluminal pressures, flow, and diameters of microvessels with intravital microscopic techniques have been successfully employed in studying the functional characteristics of the microcirculation in many organs (Gertz et al., 1966; Shapiro et al., 1971; Zweifach et al., 1975) . Previously, application of these techniques has been confined almost entirely to stationary tissue, thus eliminating the study of the coronary circulation because of inherent problems with myocardial motion. We have attempted to circumvent these restrictions in preliminary work by mechanically fixing a small portion of the beating heart and allowing motion to be centered around this fixed point (Nellis et al., 1978) . We made pressure and diameter measurements by means of this technique but were hampered because of the external forces exerted on the myocardium at the point of measurement.
This paper describes and contrasts the original "fixed"-position method with a new "free-motion" technique which minimizes the external forces exerted on the myocardium. A small portion of the right ventricle of the beating rabbit heart was selected and observed, using a stroboscopic light source synchronized with the cardiac cycle. The coronary microvasculature was visualized for only a small portion of the cardiac cycle but at the same time during each beat. It thus appeared stationary. Direct pressure measurements were determined by micropuncture techniques. These were obtained by an electromechanical micromanipulator also synchronized with the motion of the heart by means of a small laboratory computer. In addition, the microvasculature was visualized in slow motion throughout a composite cardiac cycle by varying the pulsed frequency of the stroboscopic light source. Small vessels in motion on or slightly beneath the cardiac surface were studied using epiand transillumination. In this study, phasic changes in small vessel pressure and diameter throughout a cardiac cycle were measured and characterized by Fourier series analysis.
Methods

Fixed-Position Constant Illumination Transillumination
The holding needle and light source were combined into a single unit. The unit consisted of a single fiberoptic light guide, 0.056 inch in diameter, cemented inside a long 15-gauge hypodermic needle. The light was brought out through a V vent in the side of the hypodermic needle by use of a reflector. The V cut then was filled with clear epoxy. The light guide assembly was inserted into the right ventricular chamber of an anesthetized, openchested rabbit through two stab wounds placed anteriorly in the right ventricular free wall. Light reflected from the V cut was positioned directly beneath the myocardium to be studied. Both myocardial wounds were closed around the light guide assembly with 5-0 Tevdek purse string sutures (Fig.  1A) . A 500-W, incandescent light source was focused on the opposite end of the fiberoptic Light guide by means of a microscope condenser.
The light guide assembly was clamped firmly to the microscope stage so that the right ventricle under transillurnination was relatively motionless. A plexiglass retractor was used to isolate the heart mechanically from the motion of the lungs. The pressure exerted on the myocardium by the light guide assembly was controlled with the aid of a micropositioner. Careful efforts were made to ensure that the force of the assembly on the heart was below the point at which blanching of the myocardium occurred or where occlusion of larger epicardial vessels was demonstrable by direct visual observation through the microscope. The microscope objectives were Leitz UM10 and UM20 (NA = 0.22 and 0.33).
Epi-iUumination
The holding rod used for epi-illumination was inserted through a single incision into the right ventricular chamber and supported in much the same manner aa for the light guide assembly described above. Attached to the holding rod was a 31-gauge needle fastened to the flat end of the rod. The rod and needle were forced against the endocardial surface (Fig. IB) . The flat portion of the rod supported the endocardial surface and prevented vertical motion, whereas the needle prevented horizontal motion. The Light source was directed from above down onto the epicardial surface of a small portion of myocardium over the holding rod. The light was supplied from a 500-W incandescent source through a Leitz Ultropak Incident-Light Illuminator. The objective was a Leitz VO 11 (N A = 0.25).
Free-Motion Stroboscopic Illumination
Stroboscopic Light Source
This procedure takes advantage of the cyclic nature of the heart of activity in order to visually track myocardial motion at different points in the cardiac cycle. A Chadwick-Helmuth model 99m-6 Strobex Xenon Light was employed as the light source and pulsed (after a delay) into a light guide assembly (see below); the electrocardiogram was used as a timing reference. This allowed for the heart and microvasculature to be visualized in the "stopped-action" mode at specific phases of the cardiac cycle. Altering the delay between the QRS complex of the electrocardiogram and the pulsed illumination from the stroboscopic light source permitted us to observe different portions of the cardiac cycle. Alternatively, an increase in this delay during each succeeding beat created an illusion of the heart beating in slow motion.
Transillumination
The light guide used for this procedure was a coherent multi-fiberoptic bundle consisting of 71,000 (0.0005 inch in diameter) fibers fused together to form a rod % inch in diameter, which acted as a direct image conduit. It was inserted into the anterior free walL of the right ventricle through a single stab wound near the apex, Lightly sutured in place, and could be positioned easily under any portion of the myocardium of interest (Fig. 1C) . Light from the stroboscopic Light source was focused on the light guide through a Leitz #607 Brightfield condenser (NA = 0.45 or 0.25). The light guide was supported only at the condenser but, because of its length and resilient properties, could move with the heart while supplying enough tension to maintain contact with the endocardial surface. The guide was chosen because it provided a large, smooth surface area on which the endocardial surface could rest. This decreased the restraining force on the myocardium per unit area but at the same time retained the focused image supplied to it by the condenser.
The image conduit also provided another advantage. Our prior experience with transillumination, using a single fiberoptic light guide, was that the choice of magnifications was determined primarily by the area illuminated. This in turn was dictated by the size of the optic fiber. Decreasing the magnification to increase the field of view obviously was limited by the field which could be illuminated. More important, increasing the magnification was constrained by loss of contrast which was impaired presumably by light scattered by tissue illuminated outside the field of view. With the multi-fiberoptic bundle, however, only the focused light, formed by the microscopic condenser system, was delivered to the tissue. The area of tissue thus illuminated could be matched readily to a range of magnifications. This ability proved useful for cinematography since the light intensity could be maximized for a given magnification simply by switching condenser objectives.
Epi-illumination
The holding needle and method of insertion were identical to those described for the fixed-position epi-illumination technique (Fig. IB) . To minimize the effects of the holding needle on the microcirculation, a minimum distance of 10 mm was maintained between the tip of the holding needle and 
Pressure Measurements
Servo-nulling Technique
Micropressure measurements were made with a prefabricated unit by use of the Wiederhielm servonulling technique (Wiederhielm et aL, 1964) as modified by Intaglietta (Intaglietta et al., 1970) . The system used in this study was basically the 3ame reported by Intaglietta et aL (1970) and the dynamic characteristics were similar. This system responded to pressure variations of up to 15 Hz with no more than a 10% error and showed no measurable phase shift between measured and actual pressure at frequencies below 13 Hz.
In previous studies of stationary tissue, the integrity of the micropipette system and its initial balance and gain usually were determined with the needle in a thin layer of suffusion solution flowing over the preparation. This procedure is obviously impractical with a beating heart. Instead, in this study, initial balancing was accomplished in a beaker of normal saline placed so that the fluid surface in the beaker was at the level of the heart.
Fixed Position Micropressures-Constant Illumination
After surgical preparation and insertion of the light guide assembly and/or needle holder, the microscope optics were positioned over the illuminated portion of the ventricle to scan for a suitable vessel. The micropipette then was placed over the vessel of interest and lowered. Contact between the myocardium and the tip of the pipette was determined by monitoring the probe resistance. Probe resistance was displayed continuously on an analog meter. When the pipette was firmly in contact with the myocardium, the servo-nulling system was activated. The pressure showed either an extremely high value or fluctuated between very low and high pressures until the vessel was penetrated.
The position of the micropipette within the lumen of the vessel was confirmed by four methods. First, the morphology of pressure waveforms was examined. Erratic or damped signals indicated either that the tip of the needle was being pushed against or through the vessel wall or that it was momentarily being pulled out of the vessel with each beat. Second, the position was determined visually with the microscope. Third, the balance point of the servo-nulling system was varied while pressure was monitored. This effectively moved the hypertonic saline-plasma interface within the pipette. If the pipette was plugged or if the tip wa3 in tissue, this maneuver resulted in major pressure fluctuations. Fourth, in certain studies the pressures in the distal microcirculation supplied by a major coronary artery were monitored before and after its occlusion. An ophthalmic cautery was used to occlude the supplying artery by a thermal burn induced proximal to the site of the micropipette insertion. This procedure was performed on approximately 30% of the vessels for which data are reported and was done with the pipette in place.
Free-Motion Pressure MeasurementsStroboscopic Illumination
The primary advantage of the synchronized light source was that the microvasculature could be studied continuously in the presence of considerable •notion. To measure pressures in this setting, a technique was developed which allowed a micropuncture needle to move directly with the heart. The microneedle was mounted in an electromechanical micromanipulator so that its position was determined by three electrical control signals (Fig.  2) .
Each signal controlled movement in one of three mutually perpendicular directions. In the pulsed mode, the operator aligned the needle immediately above the vessel using X-Y-Z signal source (control stick). The signals that defined this position in time were fed on-line into a small laboratory minicomputer (Digital Equipment Corporation PDP-11/10) and thus "remembered" whenever the heart was in that point in the cardiac cycle. By slow adjustment of the delay between the QRS and the strobe trigger, a whole range of signals could be obtained to describe a composite cardiac cycle. The computer divided the heart cycle into 100 equally spaced intervals and stored 300 numbers (one set of X-Y-Z coordinates per interval) for each cardiac cycle. This positioning sequence generally was accomplished within 5 minutes.
The electrocardiogram was used for timing input and computer evaluation of cardiac frequency. The computer activated the xenon flash tube of this stroboscopic illumination. Because the electromechanical micromanipulator had mechanical inertia and was heavily damped, the computer program was so written to signal the micromanipulator before triggering the strobe light. This allowed the operator to see a response to the control stick commands. The program also included a routine to rapidly reposition the manipulator without disturbing previously obtained position points. In the case of gross changes in small vessel position, the program automatically slowed the tracking sequence through the cardiac cycle to allow for adequate reaction time by the operator.
Details of the electromechanical micromanipulator are shown in Figure 2 . Dynamic movement of the device was made possible by a polyurethane diaphragm stretched between two coaxial rings with a small alnico magnet at its center. The motive force was supplied by five electromagnets. Four of the magnets were arranged circumferentially around the periphery of the diaphragm with opposite magnets wired in series to form two sets. Each set interacted with the pole of the alnico magnet to swivel it in one direction around the axis. The fifth magnet was mounted around the alnico magnet so as to push it and thus move the diaphragm in the third direction. The entire assembly was filled with polydimethylsioxane to provide damping. The micropuncture needle holder (H, Fig. 2 ), which was physically attached but electrically isolated from the permanent magnet, was hydraulically and electrically connected to the re3t of the micromanipulator through a small diameter Silastic tubing. A small, plexiglass coupler on top of the manipulator provided the connection to a large diameter, low-compliance Teflon tubing through which the pressures were transmitted.
Diameter Measurements (for Free-Motion Technique Only)
Diameter measurements were made only with transillumination and stroboscopic light, since blurring or absence of adequate light intensity occurred with constant illumination (fixed-position method) and epi-illumination. A Photo-Sonics 16-mm 1VN recording camera attached to the microscope head and focusing telescope was operated from the computer in a pulsed mode. Timing was such that one frame of film was exposed for each input pulse. The delay between the QRS complex and camera pulse was varied slowly such that 300 frames were exposed at slightly different times in 300 cycles to develop one composite cardiac cycle. By the use of the focusing telescope, a vessel or field of vessel could thus be followed through a constructed cardiac cycle beating at 1 /300th the rate of the true heart rate.
Two sets of marks were developed on the strip chart recorder. One mark was produced each time a camera frame was exposed. The second mark appeared both on the strip chart recorder and on the exposed film. By matching these marks a correlation was made between the vessel diameter measured from the film and the hemodynamic data recorded simultaneously on the strip chart recorder. A standardized dimension grid was photographed with each objective and used for calibration of the vessel diameters.
A second series of experiments in which the delay between the QRS complex and camera pulse was maintained constant so that 600 frames were exposed at the same point during the cardiac cycle also was conducted. These experiments were designed to estimate the reproducibility of the entire analysis process over the time course required to film two cardiac cycles.
Surgical Methods
Small (1-1.5 kg) New Zealand white rabbits were anesthetized with pentobarbital (50 mg/kg) administered through a cannula in the outer ear vein. The animals were placed in the dorsal supine position on a microscope work table. A tracheal cannula was inserted to support ventilation by use of a Harvard model 661 small animal respirator. The heart was exposed by a bilateral thoracotomy and stemotomy. A Millar Mikro-Tip, size 4F, pressure transducer was passed from the right carotid artery into the left ventricle. A femoral artery was cannulated for recording distal aortic pressures. The animals studied in fixed position were transferred to the microscope stage and the holding needles inserted as described.
Since the free-motion technique demanded that most of the cardiac motion be synchronized with the heart rate, respiratory interference had to be eliminated. To do this, the lungs were bypassed with an oxygenator (E. Proctor, 1977) . The pulmonary artery was cannulated with a '/6-inch in diameter, stainless steel tubing. Effluent was gravitydrained to the oxygenator and pumped back to the left atrium with a Sarnes, low-flow roller pump. Also installed in the atrial return line was a vertical fluid-filled tube that served as a hydrostatic column to dampen the pulsatile flow of the pump. The system was primed with washed red blood cells reconstituted in Krebs-Ringer solution. The red blood cells were obtained from a donor animal and washed three times with normal saline. With the bypass circuit in place, the respirator was turned off and the lungs collapsed under a slightly negative pressure (15 cm of water).
Data Analysis
Pressure Measurements
The maximum, minimum, and average pressures from the microvessels were tabulated and correlated with vessel diameters. The average myocardial arterial pressure was calculated as % the maximum plus % the minimum arterial pressure. Average cardiac venous pressure was calculated as x h the maximum plus l A the minimum venous pressure. Morphology and magnitude of the pressures were used to define vessel type.
The left ventricular pressures and small coronary vessel pressures were subjected to discrete Fourier analysis to define phase angles (see below). This analysis was performed only for vessels from which data were recorded with the free-motion technique under transillumination. Further, the pressures measured in small veins using strobed illumination were compared with those measured by constant illumination using nonpaired Student's ^-statistics.
Diameter Measurements
Cine films were analyzed with a Tagarno 180 viewer. An exact measurement of a projected 100-/ LUTI calibration was determined from the calibration grid and a ratio between real distance and projected distance was calculated. This ratio was used to convert vessel diameter measurements from the projected picture to actual size. The average vessel diameter (Mo) was calculated as a simple mathematical mean of all measurements. The dimension measured was actually the vessel caliber perpendicular to the microscope objective; thus the U3e of the term diameter assumes a circular cross-section.
Two criteria were used to select a vessel or portions of vessel for study. First, the existence of some well-defined landmark, such as a vessel bifurcation or branch, was used to ensure that the diameter was always measured at the same point on the vessel. In the case of branch points, a minimum distance of 15 micrometers was maintained between the branch and measurement site. Second, the vessel wall had to be visible throughout the cardiac cycle. The diameter then was measured as the distance between the selected point on the luminal wall to the nearest point on the opposite wall. Approximately 30 different phasic measurements per vessel, determined over two cardiac cycles, were made to develop a composite of vessel size. With the timing marks, simultaneously collected left ventricular pressures also were developed into a similarly derived composite.
Of primary interest was the phasic relationship between the variation in vessel diameter and myocardial contraction. Since left ventricular pressure represents a global index of both contraction and driving pressure, the phase relationship between left ventricular pressure and diameter was examined. Two different sets of Fourier series which best approximated the composite cycles of each of the two parameters were used to provide an objective evaluation of their temporal relationship. Two cardiac cycles were analyzed to ensure that diameter variations were related to ventricular contraction.
The phasic difference between the two parameters was defined as the difference in phase angle (<f) of the primary cardiac frequency. By definition, a positive phase angle indicated a lag in the phasic change in diameter behind pressure. The magnitude of the second harmonic represented the primary cardiac frequency (since there were two composite cardiac cycles Studied). Phase angles for the second harmonic were limited by convention to between -90° and +270°.
Fourier analysis provided an objective technique to evaluate the temporal relationship between two waveforms. Two cardiac cycles were analyzed to ensure that diameter variations were related to ventricular contraction and not to some other independent effects of time. A change in diameter recorded in only one cardiac cycle could have resulted from either myocardial contraction or an unrecognized chance influence coincident with the measurement period. A recurrence of this same event during a second heart cycle provided much more convincing evidence that the diameter variations were related to myocardial contraction.
Fourier analysis also was used to characterize objectively individual parameter waveforms. Ideally, information from a large number of cardiac cycles should be used to eliminate all variations not related to myocardial contraction. In the present studies, variation in diameter waveform over two reconstructed heart cycles was measured. This falls short theoretically of the complete elimination of all non-cardiac-related variation from the primary cardiac component. To circumvent this potential source of error, a separate set of vessels was examined in a manner identical to those described above with one major difference. Each frame of the film was exposed at the same point in the cardiac cycle but the data were analyzed as if they represented two composite heart cycles. One goal was to provide an estimate of the magnitude of the cardiac-related diameter variations when no such variation was present. Measurements of each vessel were made twice by one observer and repeated a third time by a second observer to evaluate the "within-and-between" observer variation. Calculations of the standard deviation as well as the standard error of the mean were performed for these three sets of measurements.
Results
Pressure
The pressure waveforms in an artery and vein from a typical experiment are shown in Figures 3  and 4 , respectively. It can be seen that the method could readily distinguish between artery and vein by contrasting the absolute magnitude and configuration of the waveforms. After some experience with the preparation, it was also possible to distinguish visually veins of the size reported here. With- out exception, those vessels that were truly epicardial and remained on the epicardial surface for considerable distances proved to be veins with the type waveforms illustrated in Figure 4 . Conversely, those surface vessels that progressed along the epicardium for only short distances before penetrating into the myocardium proved to be arteries (Fig. 3) . Most subepicardial vessels that we examined were likewise arteries.
Micropressure data showing the changes before and after acute occlusions of a major supplying coronary artery are displayed in Figure 5 . This procedure, which was accomplished with the micropipette in place, was developed initially to verify the position of the pipette. A large drop (-67 mm Hg) in the distal arterial micropressure occurred immediately with occlusion. The waveform was displaced and deformed, and the residual pressure more closely approximated that of small vein pressure. Phasic relationships between small vessel pressure and left ventricular pressure were determined in 13 veins ranging in size from 45 to 160 ^m (Table  1) . Average pressure in veins was 6.0 ± 0.71 mm Hg (SEM) as compared with 11.1 ± 4.2 mm Hg for vessels of comparable size when measured by the fixed-motion techniques. Likewise, the average pulse pressure in veins was 5.8 ± 0.9 mm Hg by the free-as opposed to 13.5 ± 4.7 mm Hg for the fixedmotion techniques. Differences in both parameters were statistically significant (P < 0.01, respectively). We assume that these differences may relate to the differences in holding rods and methods of insertion between the two techniques. Phase angle between intraluminal and left ventricular pressures average 62° by Fourier series analysis. This indicated that in most veins intraluminal pressure routinely increased after some lag period following the isovolumetric rise in left ventricular pressures.
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No equivalent comparisons were made for small arteries since arterial pressure varied dramatically with vessel diameters. Also, approximately half the free-motion studies were done with epi-illumination when pressures in surface arteries could not be obtained.
The results of all pressure measurements using both the fixed and free-motion techniques are summarized in Figure 6 . These data represent 18 arteries and 31 veins from 16 animals. To evaluate the pressure drop between vessels of different types and sizes, both arteries and veins were divided by diameter size (<140 /tin; >140 fzm) into groups containing approximately an equal number of vessels. The average of the mean and pulse pressure, together with their values as expressed by percent of aortic pressures (micropressure/aortic pressure), were plotted for each vessel group and contrasted with that of the distal aortic pressure. The data showed an appreciable pressure drop from aortic pressure in arteries with decreasing diameter size. An inverse relationship for arteries between changes in pressure and diameter was demonstrated with the largest drop from aorta to vascular pressures occurring in arteries with diameters of less than 140 jum. Essentially little if any pressure gradient was noted in veins of varying diameter size. The pulse pressure in veins was similar to that in arteries with diameters of less than 140 fim. 
Diameter
The studies of vessel diameter were made entirely on coronary veins for two reasons. As mentioned earlier, pressure data disclosed that arteries were mainly subepicardial and thus were difficult to photograph. Second, the pressure waveforms from veins revealed exceptionally large pulse pressures. It was considered of interest, therefore, to examine whether their diameters also might reveal similar large variations.
Phasic relationships between vessel diameter and left ventricular pressure are shown for two separate veins in Figure 7 . Approximately 30 data points from 600 cineframes (representing 600 different cardiac cycles) are given to form two composite cardiac cycles. Slight scattering of the data reflected a variation in heart rate over the 600 cycles when data were collected. The solid curve displayed in the diameter plots is the graphical representation of the first three terms of the Fourier series. This was presented so that an estimate could be made of the degree by which the analysis reproduced the primary cardiac component of diameter variation.
No consistent trend was observed between vessel diameter and left ventricular pressure. For vessel 1 (Fig. 7) , vessel diameter increased during systole whereas vessel 2 decreased (180° phase reversal). Conversely, in a network or family of vessels supplied by a parent vessel (anatomically displayed in Figure 8B ), diameters of daughter vessels had similar phasic relationships with left ventricular pressure (Fig. 8A) . In this example all diameters increased during systole. Table 2 summarizes the results obtained from diameters measured in the "stopped action" mode. Listed are the average diameter (Mo) and the phasic change in diameter (M2) which would be attributed to myocardial contraction in those vessels used to develop a composite cardiac cycle. Also shown are the standard deviation and the standard error of the mean of these data. Three sets of values are presented for each vessel which were calculated from the two series of measurements performed by . one observer and one series of measurements obtained by a second observer. The important finding of this survey was that the cyclic variation in diameter never exceeded 1 /tin. Further, as evidenced by the standard deviation data, 99% of all individual measurements were within 10 jam of the average diameter (Mo). A summary of all vessel studies in alow motion is shown in Table 3 . Magnitude of the diameter and pressure harmonics, together with their phase delay in angles and seconds, are listed for 19 vessels including seven from two separate networks of veins (one from the network shown in Figure 8B ). Baseline or Mo, the mathematical mean of all diameters, was 132.6 fim and the average estimated change was 25.1% (range 3 to 43.75%), smaller than previously reported. The data reflected a scattering of angles in all four quadrants. This mathematically supports the observation of Figure 7 in that no consistent trend is present in the phasic relations between diameters of independent parent vessels (those not in networks) and left ventricular pressure.
Discussion
Previous studies have demonstrated phasic components of flow in both the left and right coronary arteries which are not morphologically related to the aortic pulsatile pressure (Gregg et al., 1965; Lowersohn et al., 1976; Shintani et al., 1976) . Under normal resting conditions, blood flow through the left coronary artery has a temporal pattern characterized by a major diastolic and minor systolic component (Gregg et al., 1965) . This latter attenuation in flow usually has been interpreted to represent an increased vascular resistance from extracoronary compression. Not explained by this mech- 
TABLE 3 Fourier Analysis of Small Vein Diameters and Left Ventricular Pressures
Identity of vessels Vessel 1 Fig. 8 2 Fig. 8 Daughter vessels of network no 1 anism, however, is the observation that outflow into the coronary sinus takes place mainly during systole (Johnson et al., 1937) . Thus, between the arterial input and the venous drainage, there is a 180° phase shift in blood flow. This phase shift necessitates an intravascular blood volume redistribution in the coronary circulation between systole and diastole. Although the original descriptions of extracoronary compression by the myocardium were made on macrovessels, such compressions have since been reported in the microcirculation as well (Tillmanns et al., 1974; Reuse-Blom et al., 1974) . Arterioles, venules, and capillaries were all described to dilate during diastole and constrict during systole. Capillaries were reported to change as much as 2 fim in diameter, whereas arterioles and venules changed by as much as 30% and 50%, respectively (Tillmanns et al., 1974) . Measurements of red blood cell velocities in microvessels also confirm this effect. A shift of 180° was noted in the primary frequency of red blood cell velocities between arterioles and capillaries in the superficial capillaries of the ventricle in dogs and turtles (Tillmanns et al., 1974) . Associated with this was a high frequency, biphasic response of red blood cell velocities in capillaries of cat atria during early contraction .
In the present study, pressure waveforms from small arteries recorded by either the fixed or free motion technique showed findings that might be attributable to myocardial compression. The time delay between left ventricular contraction and the onset of a rise in arterial pressure was quite small. Gross et al. (1974) showed that the time delay in developed pressure in rabbit omentum was appreciable for 40-fim arteries. The absence of such a delay in coronary vessels of similar size could reflect myocardial compression. Another possibility, however, is that the right ventricular arteries were not subjected to the same intramyoeardial pressures as those of the left ventricle.
Changes in arterial pressure were similar to those reported in brain and skeletal muscle. Like the brain, the heart has large surface vessels which give rise to penetrating branches that feed the myocardium. These penetrating branches in turn quite rapidly form capillaries, much in the manner as for skeletal muscle. The drop in pressures from relatively large to smaller arteries, like those reported in brain (Stromberg et al., 1972) , suggest that changes in diameter have an appreciable effect on vascular resistance.
Pressures in coronary veins showed large excursions in pulse with the maxima in excess of 15 mm Hg. Phasic changes showed generally low pressures in diastole or early systole and peak pressures in late systole or early-to-mid diastole. These pressure fluctuations were much higher than those recorded in small veins of other tissue. One explanation for this may be a "milking-out" of the blood from the veins during ventricular contraction, similar to that reported in the coronary sinus. The phasic relationships between venous diameter changes and left ventricular pressure, however, suggest that this interaction is complex.
The wide range of phase angles between diameters of parent vessels and left ventricular pressure also reflects this complexity. It was almost as if the extravascular compressive force moved in a wavefront down the long axis of vessels, starting in large veins and progressing to branch vessels. This possibility was suggested when films of vessels from certain experiments were projected at normal speeds. Conversely, when networks of vessels were examined in separate studies, a tendency for daughter vessels to move in unison was suggested. This was reflected in the estimated changes in diameter at separate locations in the system and the absence of dramatic differences in phase angle.
The present free-motion technique was designed to allow for more freedom of cardiac motion, greater preservation of intrinsic perfusion dynamics, and less restrictions imposed by rigid holding devices. This approach clearly was successful in the present study and probably explains the differences in venous pressures measured by the fixed and free motion methods. Obviously, even with this newer technique, however, certain restrictions remain. For transillumination, the fiberoptic light guide still had to remain in contact with the endocardial surface. This no doubt introduced some fixed tension into the system but was considerably less than with the fixed-motion method. The mobile, program-synchronized micromanipulator also allowed for greater flexibility in following the beating heart. Finally, with regard to illumination, a direct relationship was established between caliber of vessel size and cardiac motion. Smaller vessels required higher magnification and a smaller field of view. To accomplish this when measuring pressures, a tradeoff was necessitated between the computer-controlled micromanipulator and the total cardiac motion that could be tolerated. Thus when assessing pressures in smaller vessels, the measurements per se will impose more interference with cardiac motion.
